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ABSTRACT 
Several  graphical  solutions for computing pan and  lake  evaporation  have been published, ljiit because of the 

advantages of using  a high-speed digital  computer  in  processing  masses of data,  the  graphical  representations  by 
Kohler e t  al. are reduced  to  mathematical  expressions  adaptable  to  computer use and in terms of readily  available 
input  data. 

A measure of the  evaporation rat'e has  long  been recog- 
nized as  a  pertinent  factor to any  quantitative a.ppmistt1 
involving the hydrologic  cycle.  While  recognition of t h e  
need, of itself,  does not assure adequate  measure or esti- 
mate, it  is a stimulant  toward  this  goal. Of recent  years, 
notable  gains  have been made  through  the  work  associated 
with  the  Lake  Hefner  and  Lake  Mead  water-loss  investi- 
gation  studies [I ,  21. Improved  nlethods for estimating 
lake  evaporation  have been N. principal  objective of t'he 
Weather  Bureau  in  conducting  its  evaporat'ion  studies. 
Kohler,  Nordenson,  and Fox [3]  describe  t,he  development 
of two  such  methods: 

1. Lake evaporation  estimated from meteorological  fac- 
tors-(a) air  temperature;  (b)  dewpoint  temperat,urc$; (c) 
wind movement; (d) solar radiation. 

2 .  Lake evaporation  estinlat'ed from meteorological  fac- 
tors  and  observed  pan  evaporation-(a)  air  t'emperature ; 
(b)  pan  water  temperature;  (e)  wind  movenwnt;  (tl)  ob- 
served Class A pan  evaporation. 

Since their  development,  the  techniques have had ex- 
tensive  application  with  sat'isfactory  results.  The  results 
of one  such  project  which  relied  heavily  upon the t'wo 
techniques  have  been  presented by Kohler, Xordcnson, 
and  Baker [4]. Computed  lake  evaporation htts also been 
used as a measure of potential  evwpotranspiration  in con- 
junction  with  basin  accounting  techniques [j, 61 in at- 
t8empts  to  improve  the  Weather Bureau river-forec:lstilig 
procedures. 

The  graphical  relat'ion to compute  lake  evapor~ 'L t,' ion 
from meteorological  fact,ors,  figure 1, is based on the Pen- 
man [7] formula: 

where E is evaporation  rate; ( 3 %  is net  radiation excllange ; 
A is slope of saturation vapor pressure  curve a t  Tu; y is 
a  factor defined by  equation for Bowen's ratio, R=r 
(To- T,) / (e , , - -e , ) ;  E, is pan evaporation  assuming To= Tu; 

as de./dT.. Penman's  system of subscripts  differs  somewhat from the one  used horc. 
1 In his  derivation of equation (l), Pcnman uses A-(La-ea)/(To-T,J but defines A 

For this paper, symbols from 131 have been used. 

Tu, T d ,  To rtre air,  dewpoint,  and  water-surface  tenlpera- 
tures; e,, e,, e,, are saturation  water vapor pressures cor- 
responding t'o above  temperatures. 

For Class A pan  cvapornt'ion (ED), equat,ion ( I )  becomes 

where yp=0.025 inch Hg/"F., and for lake (EL) or open 
water evaporation 

where y=0.0105 inch Hg/"F. 
It' may he noted  that, while equat'ion ( 3 )  has a factor of 

0.7, t h e  1:tke-to-pan coefficient does not  remain fixed a t  
t'his ratio. I t  is only under conditions  where  actual  pan 
water  temperature would equttl air  t8emperat~ure  that  the 
0.7 coefficient holds-that is, under conditions  where  there 
would be  no  sensible  heat  t,ransfer  into or out of pan  and 

11' figure I is examined  with  t'he  t'ernls of equat,ion ( 3 )  in 
nlind,  tllc  graphical  pattern of' the  equation is easily 
followed. 'L'h upper lel't-hand insert  provides  the Ea 
v:tlues, wit,h  entering  data in terms of air and  dew  point 
tern.pert1t~ur.e~ t m d  wind move~nent.  The  top hnlf of this 
insert is for reduction of air and dew point  temperatures 
to  vapor  pressurc deficit'. Thc second h l f  combines the 
deficit and wind movement (u,) and is of the generalized 
forrn : 

E=(eo-ea)n(a+6up).  (4) 

When  fitted t'o the  data t'he equation  took  t'his specific 
form, wherc for E,, e, is equivttlent' to eo:  

(sn=Eu=Pp. 

E=,= ( e s -  e a ) O y 0 . 3 7  f0.0041uD). ( 5 )  

The upper right-hand  quadrant  represents QnA as a 
function of meat1 daily  air  temperature ( O F . )  and  solar 
radiation  (Lnngleyslday). The lower right  quadrant per- 
forms the  function of adding E=,y to QnA;  the lower left 
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FIGURE 1.-Free-mater evnporation  as a function of mcteorological  factors.  (From [<I.)  

quadrant rnult~iplies (Q,A+E,,) by O.-i/(A+y), where y 
is a const'ant, and A is  expressed in t,errns of air 
temperat'ure. 

In the original  work [3] the (3,a quadranl was fitted 
graphically to tmhc data,  treating Q,A as a  single parameter, 
as contrasted wit'h  the  analytical  derivat'ion of the  othcr 
sections of the chart.  For  solution by conlputer  it was 
necessary to derive thc rr~atllcrllatical expression t'o 
approximate this  quadrant.  Several  t8ests were made  and 
the best success was wit'h t m  cxponcrltinl furlct'ion ol tllc 
form : 

log (&,A+k) = (T+a) (c+f(R)) (6) 

Q,A=e(Ta-212) (0.1024-0.01066ln R)-0.0001 (7) 

where e is  the  Kaperian base and R is  solar  radiation  in 
Langleys/day.  The  constant term, 0.000 1, is  significant, 
and particularly so when  values of R and T,, are low. 

The (:lausius-CllapeSron equation  is a convenient  means 
to express vapor pressure (esl e, ,  e,)  and A in  terms of 
temperature : 

e , e - k / ( T + b ) + c , e c . e - B / ( T + b )  (8) 

from which a close fit was accornplished with  this specific 
equation : where  k=7482.6, b=398.36, and c=15.674. 
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By  substitution,  it  is now a simple  rnat8ter to express 
equation (3) in a form readily  adaptable to modern  high 
speed  computers,  and  in  terms of acceptable  input d a h :  

E -[ ~ T , - 2 l 2 ~ ~ 0 . 1 0 2 4 - O 0 . 0 1 0 6 G I n R ~ ~ ~  0001 
L- E 
+0.0105(e,-ea)0~ss(0.37+0.0041 up)]  X 
[0.015+(T,+39S.36)-2(6.Srj54X10’0)~-745’.6/(T~+3g8.36) I - ‘  

(10) 

Vapor  pressure deficit (e , -e , )  can be derived  from  air and 
dewpoint  temperature  input; 

e,“e -6.4133)<106[E-7482.G/‘Ta+39S.36)_E--7482.6/(Td+ 
a- 3 9 ~ . 3 6 )  1 .  

(11) 

Boserl [8] recently  suggest’ed an alternat’e  means of‘ es- 
pressing the  vapor  pressure and slope of vapor-pressure 
curve ( A )  in terms oi‘ air and dew  point  temperatures. 
Some  saving  in  computer  time  should be mticipated  with 
no  significant loss in  accuracy. He  gives tltc following 
equation,  where e, is the  saturation  vapor  pressure  in 
inches of mercury,  and Tis the  temperature  in O F .  : 

e,r(0.0041T+0.676)s-0.0000191T+161+0.001316 (12) 

from which, 

de A=n“8(0.0041) (0.0041T+0.676)7-0.000019, 

T >  -16OF. (13) 

With  the  suggested  substitution, t.he lake evtlporat’ion 
equation  becomes: 
~L=[E(T,-~1~)(0.1024-0.01066~nR)-~.00~~ 

+0.0105(e,-ea)0~ss(0.37+0.0041u,)]X 
[0.04686(0.0041Ta+0.676)7+0.01497]-1 (14) 

and when Ta>Td>-160F.: 

e , - - ,=  (0.0041T,+0.676)s-(0.0041~d 
+0.676)”0.000019(T,-T~). (15) 

This  and t,lw p m  equation have been programed and 
used  ext’ensively  in t’he Hydrologic  Services  Division. 
Engelbrccht8 [6] used the  lake  equation  in his soil nloisture 
work wi th  tlte I U M  650 and  other  computers.  The Bosen 
equtit’ions effect, a 5 tmo 10 percent,  saving  in t’irne on t’he 
Bendix G-15 computer.  Other  computers  wit’h  relatively 
ftlst#er  out’put ftlcilit,ics nlay be able to realize a relatively 
grtat’er  saving. 
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